Spectral stimuli form a physical continuum, which humans divide into discrete non-overlapping regions or categories that are designated by colour names. Little is known about whether non-verbal animals form categories on stimulus continua, but work in psychology and arti¢cial intelligence provides models for stimulus generalization and categorization. We compare predictions of such models to the way poultry chicks (Gallus gallus) generalize to novel stimuli following appetitive training to either one or two colours. If the two training colours are (to human eyes) red and greenish-yellow or green and blue, chicks prefer intermediates, i.e. orange rather than red or yellow and turquoise rather than green or blue. The level of preference for intermediate colours implies that the chicks interpolate between the training stimuli. However, they do not extrapolate beyond the limits set by the training stimuli, at least for red and yellow training colours. Similarly, chicks trained to red and blue generalize to purple, but they do not generalize across grey after training to the complementary colours yellow and blue. These results are consistent with a modi¢ed version of a Bayesian model of generalization from multiple examples that was proposed by Shepard and show similarities to human colour categorization.
INTRODUCTION
Sensory generalization is the ability to treat stimuli that can be discriminated as equivalent. Given a single exemplar on a physical or sensory continuum, such as acoustic tone or optical wavelength, it is often found that the further a novel stimulus is from the exemplar the less likely it is to be treated as equivalent (Spence 1937; Shepard 1987) . The response to novel stimuli can be represented as a generalization curve, plotting response strength against stimulus value. This curve is typically approximated by a Gaussian or an exponential centred on the exemplar (¢gure 1) (Shepard 1987 ). Here we study the more complex case of generalization to two examples by domestic chicks (Gallus gallus) and compare their behaviour to three families of models of generalization to multiple examples (¢gure 1).
(a) Model 1
Perhaps the simplest model treats each sample independently, with the overall generalization curve given by linear summation of the curves to the separate samples (¢gure 1a) (Spence 1937) . Such models are used widely for statistical pattern recognition (Parzen 1962) and have been used in accounting for pigeons' generalization across the optical spectrum (Hanson 1959 ; see also Enquist & Johnstone 1997) .
(b) Model 2
A second possibility is that, when an animal generalizes, it forms a parametric statistical model of the stimulus distribution, for example inferring that stimuli are drawn from a single Gaussian distribution (¢gure 1b). Fried & Holyoak (1984) gave a set of parameter update rules for ¢tting such a distribution. These rules estimate the mean and standard deviation on a stimulus dimension. A strong prediction of this type of model is that, with two widely spaced examples, the inferred variability will be large, giving extrapolation beyond the limits set by the individual examples. Modelling the data with a single Gaussian is again commonly used in statistical pattern recognition.
(c) Model 3
A Bayesian framework for stimulus generalization was suggested by Shephard (1987) and extended to multiple examples by Tenenbaum & Gri¤ths (2001) . Generalization is achieved by taking a weighted average of all possible models consistent with the observed examples. Given reasonable assumptions about the prior probability of the models, this generates uniform interpolation between two stimuli and exponential extrapolation beyond them (the continuous line in ¢gure 1c). In contrast to the single Gaussian model (¢gure 1b) the extent of extrapolation is the same for single and multiple stimuli.
(d) Model 4
The proposed framework (Tenenbaum & Gri¤ths 2001) ignores the problem of stimulus uncertainty (e.g. internal noise). If, for instance, the uncertainty is Gaussian, as is often the case, this will give a generalization curve where the Bayesian prediction is convolved with the relevant Gaussian (the dotted line in ¢gure 1c).
Each of these models makes di¡erent predictions about how subjects trained to two stimuli will respond to novel stimuli. These novel stimuli may lie between the examples on the stimulus continuum, in which case the response is said to depend upon how the subject interpolates. Alternatively, if the novel stimuli lie outside this range the response is said to involve extrapolation.
For model 1, which sums generalization curves, interpolation should be the average of the generalization curves observed to the single stimuli. Thus, the model can be tested by comparing the interpolation by experimental subjects trained to two stimuli to the predictions for control subjects trained to either stimulus alone. Models 2^4 predict that the interpolation will exceed the level predicted by model 1 (at least for well-separated examples). However, models 3 and 4 can be distinguished because model 3 predicts that the intermediate will be as attractive as the two training examples, whereas model 4 predicts that it will be more attractive (¢gure 1c). On the other hand, models 2^4 predict di¡erent levels of extrapolation. Model 2 predicts increased extrapolation for experimental subjects trained to two exemplars as compared to controls trained to one, whereas models 3 and 4 predict interpolation but no increase in extrapolation.
Birds have good colour vision, which they may use in making selections from continua, such as ripening fruit or the display colours of conspeci¢cs. The spectral sensitivities of bird photoreceptors are known so it is possible to calculate the receptor excitations of a bird's eye viewing a given colour (¢gures 2 and 3a and table 1). Poultry chicks can be trained to associate colour with food (Osorio et al. 1999a,b) . Here we ask how chicks trained to either one or two stimulus colours interpolate and extrapolate to novel colours. We call training to one colour the control condition and training to two colours the experimental condition. The predictions of the models are as follows. 
METHODS
Male poultry chicks (ISA brown) were raised in standard conditions from hatching, with training starting on day 7 (Osorio et al. 1999b) . The chicks were housed, trained and tested in pairs. They had free access to standard food crumbs except for 2 h before training when their food was removed. Chicks (Osorio et al. 1999a) . The normalized sum of these two curves (black line) models generalization by a decision model that combines the generalization curves to E 1 and E 2 (Spence 1937; Parzen 1962) . (b) Predictions of a model that assumes that E 1 and E 2 are drawn from a continuous Gaussian-distributed population, the variance of which is given by E 1 and E 2 (Fried & Holyoak 1984 Figure 2 . Modelled spectral sensitivities of the chicken's short, medium and long single and double cones, which are used to design colours. The model is based on spectral sensitivity data from Bowmaker et al. (1997) , ¢tted with models of rhodopsin absorption and oil droplet ¢lters (see Osorio et al. 1999b) . We only take account of short, medium and long single cone excitations in calculating chromaticity values (¢gure 3a). Chickens have ¢ve spectral types of cone photoreceptor but UV cone responses were abolished and we assume that the double cones are not involved in colour vision (Vorobyev & Osorio 1998) . In any case, double cone responses are approximately the average of medium and long cone responses (table 1), so they would contribute little to colour discrimination (other than reduction of noise).
were trained in a 0.4 m Â 0.3 m arena on the £oor. There were eight small conical paper food containers (length 25 mm and base diameter 7 mm) printed with coloured stimulus patterns on the £oor (table 1) (Osorio et al. 1999b) . Four containers showing a negative stimulus were empty, while four showing a positive stimulus (or stimuli) contained food crumbs. A training session lasted 6 min, with rewarded stimuli re¢lled with food at 1min intervals. There were two training sessions per day (separated by 2 h) for 3 days and a single session on the fourth day. The chicks were tested 2 h after the ¢nal training session by being placed in the arena with eight new empty food containers for 2 min. The test stimuli showed either the familiar rewarded and non-rewarded colours or novel colours. The chicks' preferences were scored by recording the number of pecks they made at each colour. Repeated pecks at a single container and direct copying were disregarded (Osorio et al. 1999b) .
(a) Stimuli
The stimuli were 2 mm Â 6 mm rectangular tilings printed onto the food containers. Thirty per cent of the tiles in the rewarded and test patterns were of the stimulus colour (`colour' refers to chromaticity, i.e. aspects of colour other than brightness; see below) and the remainder were a background colour. Normally this background was close to grey, but for the test of (table 1) are given by the cross symbols in red at the ends and midpoints, respectively. The bars are coloured in order to give an indication of the actual stimulus colours for humans and the numbers 1^4 refer to the experimental condition represented by each bar. (b^e) Generalization curves for the four tests of interpolation compared to the predictions of model 1. Plots give the separation of colours as Euclidean distances in the x, y chromaticity diagram versus the probability of selection for the two training colours and for the test colour (AE standard error). Generalization curves are plotted for the two controls where chicks were trained to one colour (dashed line) and the experimental condition (solid line). Model 1 predicts that the preference for the intermediate is given by the mean of the two control generalization curves and this is shown as a dotted line. The histogram bar (B) represents the mean preferences for the background colour for the experimental and control subjects. The discriminability (in terms of receptor noise-limited just noticeable di¡erences) for a given direction in the chromaticity diagram is approximately proportional to distance (Vorobyev & Osorio 1998) . interpolation across grey the background was purple (¢gure 3 a,e and table 1). All tiles were of the background colour for the non-rewarded training stimuli.
The stimuli were lit by a quartz halogen light, which was ¢ltered (Schott GG475, Schott, Mainz, Germany) in order to remove wavelengths that stimulate the UV-sensitive, single-cone photoreceptors (Osorio et al. 1999b) . Consequently, the chicks could use the three remaining single cones (short, medium and long wavelength sensitive) and possibly the double cones (¢gure 2) for colour discrimination. In order to limit the possible use of achromatic signals (i.e. brightness) for discriminating stimuli, the intensities of the background and stimulus colours were randomized with a uniform distribution with a contrast range of 0.3 (table 1) .
(b) Visual responses and colour design
In order to investigate how an animal interpolates between two colours and how it extrapolates, it is necessary to de¢ne an intermediate colour. In addition, we need to compare generalization between di¡erent training colours. This is not straightforward. One might choose a physical continuum such as the optical spectrum, but this choice has serious di¤culties. A better starting point is to specify colours according to the excitations of photoreceptors (table 1 and ¢gures 2 and 3a) (Osorio et al. 1999b ). Here we use the three-dimensional (3-D) receptor space de¢ned by the outputs of the short, medium and long wavelengthsensitive single cones (table 1 and ¢gures 2 and 3a) (Osorio et al. 1999b) .
Photoreceptor responses were estimated by calculating the quantum catches for the laboratory viewing conditions relative to a white adapting background (Osorio et al. 1999b ). The chromaticity coordinates (i.e. the approximate hue and saturation, but not brightness) of a colour are represented by the projection of its locus in a 3-D short, medium and long receptor space onto the unit plane (¢gure 3a). The colour coordinates in this plane are given by x q l 7q s / p 2 and y (q m 70.5(q l + q s ))/ p (3/2), where q s , q m and q l are the estimated excitations of the short, medium and long cones relative to white, respectively (table 1) (Osorio et al. 1999b) .
We can now use the location of training colours in a receptor space for selecting novel colours for testing interpolation and extrapolation. To do this we start with the notion that the di¡er-ence between two colours is proportional to their separation in terms of just noticeable di¡erences (Wyszecki & Stiles 1982) . The colour discrimination of birds, humans and other animals is accurately predicted by a model that assumes that thresholds are set by the photoreceptor noise in chromatic opponency mechanisms (Vorobyev & Osorio 1998) . This model makes two predictions for colours of approximately equal intensity: (i) the shortest distance in just noticeable di¡erence steps between two colour loci is a straight line in the chromaticity diagram used and (ii) two points separated by a given vector are separated by an equal number of just noticeable di¡erences. For two bird species, namely the pigeon (Columba livia) and pekin robin (Leiothrix lutea), the model predicts thresholds if it is assumed that the four single cones are used for colour discrimination (Vorobyev & Osorio Colours for testing generalization behaviour can now be selected from this model of chicken colour vision. Interpolation is de¢ned as generalization to colours lying on a straight line between two sample colours in the x, y chromaticity diagram (¢gure 3a), while extrapolation is generalization to colours lying on the line beyond the limits set by the samples (¢gure 4).
(c) Statistics
In these experiments control subjects were rewarded for one colour in training, while experimental subjects were rewarded for two colours. The key comparison is the preferences of the control and experimental subjects for novel colours. Colour preferences were measured by recording the number of times each colour was selected in a 2 min test (tables 2 and 3). However, as a two-tailed t-test never showed a signi¢cant di¡er-ence between the total number of selections made by the control and experimental subjects (table 4), the reported statistical comparisons used the proportion of selections made rather than absolute numbers (¢gures 3 and 4 and tables 5 and 6).
RESULTS
Domestic chicks' preferences for novel and familiar colours were measured by counting the number of times each colour was selected in a 2 min test following 42 min of training to one (control condition) or two (experimental condition) colours (¢gures 3 and 4). A preference for a given colour was given by the probability of its being selected (tables 2^4). Preferences for novel colours were compared to the predictions of model 1, where generalization curves for subjects trained to two exemplars were predicted by the average values for the two controls, with one trained to each of the two exemplars.
(a) Interpolation
Interpolation is given by the chicks' preference for an intermediate test colour compared to the two rewarded colours. Four sets of colours were chosen according to their chromaticity values for a model chicken eye (table 1 and ¢gures 2 and 3a). The colours for the human eye were as follows: condition 1 with training colours red and greenish-yellow and test colour orange, condition 2 with training colours blue and green and test colour turquoise, condition 3 with training colours red and blue and test colour purple, and condition 4 with training colours blue and yellow and test colour grey. The background was approximately achromatic (grey) except for condition 4 when it was purple (table 1). Non-rewarded training stimuli were of the background colour.
Chicks trained for two colours preferred the intermediate signi¢cantly more than predicted by model 1 for conditions 1^3. This is consistent with models 2^4, which predict interpolation (¢gure 1 and table 5). In comparison, chicks trained to yellow and blue (condition 4) (¢gure 3e) did not prefer the grey intermediate (table 2) more than predicted by model 1.
Models 2^4 all predict interpolation being observed for conditions 1^3. However, models 3 and 4 are distinguished in that model 3 predicts equal preferences for familiar and interpolated colours, whereas model 4 predicts the elevated preference for the intermediate that was indeed observed. Therefore the interpolation data is consistent with models 2 and 4, but not models 1 and 3.
(b) Extrapolation
While the observed interpolation is consistent with models 2 and 4, they make di¡erent predictions about extrapolation to stimuli outside the range de¢ned by the exemplars (¢gure 1b,c), which is predicted by model 2 but not by model 4. We tested extrapolation to two novel colours following training to yellow and red (¢gure 4).
There was no evidence for extrapolation in that the preferences for the novel colours X 1 and X 2 did not di¡er signi¢cantly between the control and experimental groups (tables 3 and 6). This is inconsistent with model 2. The interpolation by chicks trained to the same colours resembled that for other tests of interpolation (¢gure 4 and table 6).
DISCUSSION
Colour forms a continuum, with no a priori reason to expect discontinuities imposed by neural mechanisms, but if objects can be classi¢ed by colour it may be useful to divide this continuum into discrete regions or categories.
We have described how foraging chicks generalize across the colour continuum by comparing preferences for novel colours of experimental subjects trained to two colours to those of controls trained to one colour. In particular, the way in which the chicks interpolate and extrapolate can be used for testing the applicability of various models of stimulus generalization (¢gure 1). Interpolation varies according to the training colours for chicks trained to two colours and tested on an intermediate colour. Intermediates between (human colours) red and green, blue and green, and blue and red are more preferred than predicted by model 1 (¢gure 3a^d and tables 2, 3 and 5). However, for blue and yellow, where the intermediate is achromatic, the colour preferences agree with the model's predictions (¢gures 1a and 3e).
The preference for intermediate colours could have various causes. For example, experimental subjects may have broader generalization curves than controls because they have less experience with each of the individual colours or, alternatively, experimental subjects may have a preference for novel stimuli, regardless of their colour. (The colour preferences of the chicks given by the mean number of pecks by two chicks for each colour in a 2 min test. C 1,2 and E are the preferences of the control subjects trained to one colour and the experimental subjects trained to two colours (R 1,2 ), respectively, against stimuli where all tiles were of the background colour (B). The number of subjects (n) and the mean and standard error of the mean (s.e.m.) of the number of selections made to each colour in the 2 min test are given. Normalized choice frequencies for the four conditions are plotted in ¢gure 3. The total number of choices in each experiment did not di¡er signi¢cantly between the experimental and control treatments ( Table 3 . Test of extrapolation and interpolation.
(The colour preferences of the chicks given by the mean number of pecks by two chicks for each colour in a 2 min test. C 1,2 and E are the preferences of the control subjects trained to one colour and the experimental subjects trained to two colours (R 1,2 ), respectively, against stimuli where all tiles were of the background colour (B). The number of subjects (n) and the mean and standard error of the mean (s.e.m.) of the number of selections made to each colour in the 2 min test are given. Normalized choice frequencies for the four conditions used in the test of extrapolation and interpolation are plotted in ¢gure 4. The total number of choices in each experiment did not di¡er signi¢cantly between the experimental and control treatments ( that (i) interpolation between blue and yellow is explained by model 1 (¢gure 1a) and (ii) that chicks do not extrapolate beyond the range given by the exemplars (¢gure 4.). Thus, there is evidence for interpolation but not extrapolation within the framework given in ½ 1. Returning to the possible models of generalization (¢gure 1), the responses of chicks given two sample colours other than blue and yellow are not well accounted for by the summation of generalization curves for separate examples (model 1). The parametric model (model 2) predicts interpolation but also extrapolation, which did not occur. Tenenbaum & Gri¤ths' (2001) Bayesian model (model 3) predicts interpolation but not extrapolation. However, this model's predictions di¡er from experimental observations in that it predicts an equal preference for intermediate and training examples, when in practice intermediates may be preferred (¢gures 3b,c and 4b). A possible reason for this di¡erence is that Tenenbaum & Gri¤ths (2001) assume that there is no uncertainty in the stimulus value, but here the uncertainty is signi¢cant due to noise in the receptors and subsequent neural processing. Thus, in order to account for the chicks' behaviour, we propose a modi¢cation of the Bayesian model, namely model 4, which takes account of Gaussian uncertainty (the dotted line in ¢gure 1c). This modi¢cation accounts well for the generalization curves, where the intermediates are preferred. Such a preference is commonly known as a prototype e¡ect, whereby a stimulus that has never been encountered is the ideal of a set of real examples.
(a) Comparisons with human colour categorization
It is interesting to compare the chicks' behaviour with human colour perception. We identify colours by name, in particular`basic colour terms', that is single words such as red or blue, which refer to a colour rather than a speci¢c object (Berlin & Kay 1969) . There is evidence that colour naming is categorical in that colour names apply to parts of the colour continuum delineated by de¢-nite boundaries, with some colour being the ideal exemplar of a category (Boynton & Olson 1987 , 1990 ). In addition, our inability to conceive colours combining yellow and blue or green and red suggests that there are limits to the regions of colour space that can be placed in a single category.
Human colour naming raises two questions. First, does the division of a physical or sensory continuum into discrete categories re£ect a cognitive ability requiring language? Second, are human colour names an arbitrary linguistic division of the colour continuum or do they re£ect non-linguistic constraints on perception? We have evidence that poultry chicks interpolate but do not extrapolate beyond the limits set by the examples. This allows them to divide up the colour continuum into discrete parts or categories. In addition, just as humans can form categories spanning some parts of the colour space such as red and orange, but not others such as red and green, so interpolation by chicks is constrained. Thus, they interpolate between certain pairs of colours, such as red and yellow or red and blue, but not between blue and yellow (¢gure 3). Thus, there are similarities in the ways humans and poultry generalize and categorize colours. Table 6 . Test of interpolation and extrapolation.
(Comparison of the colour preferences of the control and experimental subjects in the test of interpolation and extrapolation (table 3 and ¢gure 4 ). The null hypothesis tested is that the relative preference for the test colours is the mean value of the preferences for the two sets of control subjects (two-sample, one-tailed t-tests). 
